The activation effect of calcium on Nedd4 E3 ligase activity was dramatically enhanced by a membrane-rich fraction, suggesting that calcium-mediated membrane translocation through the C2 domain might be an activation mechanism of Nedd4 in vivo. Our studies have revealed an activation mechanism of Nedd4 E3 ubiquitin ligases and established a connection of intracellular calcium signaling to regulation of protein ubiquitination.
INTRODUCTION
Protein ubiquitination is a major intracellular signaling event. E3 ubiquitin ligase (E3), including the HECT (Homologous to E6-AP Carboxyl Terminus) domain containing and the RING (the Really Interesting New Gene) domain containing E3 ligases, is the key enzyme that catalyzes ubiquitination and confers specificity of ubiquitination substrates [1] [2] [3] . Nedd4 E3 ubiquitin ligases are members of the WW domain-containing HECT E3 ubiquitin ligase subfamily [4] . There are two Nedd4 E3 ligases, Nedd4-1 and Nedd4-2, in mammalian cells [5] . Human Nedd4-1 gene is localized on chromosome 15 and Nedd4-2 gene on chromosome 18 [5] . Both Nedd4-1 and Nedd4-2 have the same domain structure, with the C2 domain at the Nterminus, followed by four WW domains, and the HECT domain at the C terminus. The primary peptide sequences of human Nedd4-1 and Nedd4-2 are about 65% identical. The most un-conserved regions are located between the WW1 and the WW3 domains.
Four groups of Nedd4 substrates have been identified: (1) ion channels and membrane transporters; (2) membrane receptors; (3) tumor suppressors; and (4) endocytic regulation proteins. Accordingly, Nedd4 is involved in regulation of hypertension [6] , neuronal signal transmission [7, 8] , tumorigenesis and cell growth [9] , cellular metabolism [10] , receptor endocytosis and degradation [11] , and viral endocytosis and budding [12, 13] . Although Nedd4-1 and Nedd4-2 show partially redundant cellular functions [14] , there seems to be a distinct preference for substrates between Nedd4-1 and Nedd4-2. For example, Nedd4-1 preferentially ubiquitinates tumor suppressors and endocytic proteins [15] [16] [17] [18] , while Nedd4-2 ubiquitinates ion channels and membrane transporters [19] [20] [21] [22] [23] . It is not known how substrate preferences of Nedd4-1 and Nedd4-2 are determined. In addition, both Nedd4-1 and Nedd4-2 have multiple cellular substrates. How Nedd4 discriminates substrates in response to cellular signaling to execute corresponding cellular function is entirely unknown.
Regulation of Nedd4 activity in cells is poorly understood. Phosphorylation of Nedd4-2 by serum-and glucocorticoidinducible kinase 1 (SGK1) is an only major finding in regulation of Nedd4-2 activity up to date [24] . SGK1 was identified as a kinase causing hypertension through activation of epithelial sodium channel (ENaC) [25, 26] . SGK1 phosphorylates Nedd4-2 on Serine 444 [27] , which is required for association of Nedd4-2 with 14-3-3, resulting in reduced Nedd4-mediated ubiquitination of ENaC and enhanced ENaC activity [26] . In addition to ENaC, SGK1 is also involved in regulation of glucose transporter SGLT1, glutamate transporter EAAT1, glutamine transporter SN1, and cardiac sodium channel SCN5A through phosphorylation and inhibition of Nedd4-2 [28] [29] [30] [31] . Interestingly, SGK1 is activated by a serine/throenine kinase, WNK1 (with no lysine (K) kinase 1), which is a known causal molecule for pseudohypoaldosteronism type II (PHA II) hypertension [32] . WNK1 activates SGK1, inhibiting Nedd4-2 and enhancing ENaC activity, which results in the hypertension [33] . phosphorylation of Nedd4-2 by AMP activated kinase (AMPK), which causes inhibition of ENaC activity, was also observed [34] . Phosphorylation of Nedd4 by AMPK may be an important means for regulation of the E3 ligase activity or recognition of the substrate. A recent research report shows that Nedd4 is phosphorylated by G-protein coupled receptor kinase 2 (Grk2) [35] . The effect of phosphorylation by Grk2 on Nedd4 activity is not known.
The C2 domain was originally identified as a calcium-binding domain in protein kinase C (PKC) that is required for calcium-dependent activation of the kinase activity [36, 37] . More than 100 proteins are now known to contain the C2 domain [38] . The C2 domain of Nedd4 has been proposed as a calcium-dependent inositol phospholipid-binding module [39, 40] . Early studies indicated that the C2 domain mediated the translocation of cytoplasmic Nedd4 to plasma membrane by binding to phospholipids [39] . Subsequently, Annexin XIIIb was identified as a partner for the C2 domain of Nedd4 to bind to apical plasma membranes in epithelial cells [41] . In yeast, the C2 domain of Rsp5, the homolog of Nedd4, is required for functional compartmentalization of Rsp5 and ubiquitination of its substrate [40] . In mammalian cells the WW domains, but not the C2 domain, are required for Nedd4 to down-regulate ENaC [42] . It was observed that the C2 domain truncation mutant of Nedd4 had stronger inhibition of ENaC activity than wild type Nedd4 [42] , suggesting that the C2 domain has an inhibitory role in Nedd4 function. A recent study has shown that the C2 domain of Smurf2 directly binds to the HECT domain and functions as an auto-inhibitory domain for E3 ligase activity [43] .
In this report, we confirmed that the C2 domain of Nedd4 is the auto-inhibitory domain for its E3 ubiquitin ligase activity. Deletion of the C2 domain causes constitutive activation of Nedd4. Calcium activates Nedd4 E3 ubiquitin ligase activity both in vitro and in vivo by releasing the auto-inhibition.
Signaling that elevates intracellular calcium activates Nedd4 E3 ubiquitin ligase activity. Thus, we propose that release of the C2 domain-mediated auto-inhibition by calcium ions or other cellular activators is a key mechanism for activation of Nedd4 E3 ubiquitin ligases in response to cellular signaling.
EXPERIMENTAL PROCEDURES
Materials. The human Nedd4-2b cDNA (IMAGE:5528964) and partial human Nedd4-2a cDNA ( IMAGE:3604024) plasmids were purchased from Open Biosystems. Rat Nedd4-1 plasmid is a kind gift from Dr. Daniela Rotin at University of Toronto.
Anti-ubiquitin antibody was purchased from Covance; anti-Nedd4 from UBI. Ubiquitin (U6253-5MG), ubiquitin activating enzyme (E1) (UL758-25UG), UbcH7 (E2)  (U9132-100UG), and carbachol (C4382) were purchased from Sigma.
Construction of tagged Nedd4s and the mutants.
pcDNA3 HA-human Nedd4-2b and pcDNA3 HA-rat Nedd4-1 were constructed by subcloning human Nedd4-2b and rat Nedd4-1 cDNAs into an HA-tagged pcDNA3 vector. The pcDNA3-HA-human Nedd4-2a was constructed by ligation of the partial human Nedd4-2a cDNA (IMAGE:3604024) with the 5' end of human Nedd4-2b cDNA. pcDNA3-HAhNedd4-2aΔC2, pcDNA3-HA-hNedd4-2bΔC2, pcDNA3-HA-hNedd4-2bΔN, pcDNA3 HA-Nedd4-2bWW, pcDNA3 HArNedd4-1ΔC2 and pGEX-4T3-hNedd4-2b-C2 were constructed by PCR-directed mutagenesis. All the constructs were confirmed by nucleotide sequencing.
Culture and transfection of cells. HEK293T cells were maintained in DMEM medium plus 10% FBS at 37 °C and 5% CO 2 . The cells were cultured to 90% confluence before transfection. For transfection, the plasmid DNA (1-2 μg/60 mm dish) was pre-mixed with ESCORT TM V transfection Reagent (SIGMA) (1:4 w/v) in ESCORT TM V transfection Reagent buffer (0.2 ml per 60 mm dish) and incubated at RT for 30 min. The cells were incubated in the plasmid DNA/ ESCORT TM V mixture for 5 hours. Then the mixture was replaced with the complete culture medium and the cells were maintained under normal culture conditions up to 43 hrs before used for experiments. Establishment of ENaC-β-GFP stable cell line. The plasmids pEGFP-N1-ENaC-β and pMT-puro were transfected into HEK293T cells using LipoFectamine 2000 (Invitrogen). After 48 hrs, transfected cells were treated with 2 μg/ml puromycin to select transfectant colonies for 2 weeks. The positive colonies were determined by visualizing GFP fluorescence under a fluorescent microscope and immunoblotting the cell lysates with anti-GFP.
Immunoprecipitation and immunoblotting.
The cells were rinsed with PBS once, then either lysed with the mammalian cell lysis buffer (40 mM Hepes, pH 7.4, 100 mM NaCl, 1% Triton X-100, 25 mM β-glycerophosphate, 1 mM sodium orthervanadate, 10 μg/ml leupeptin and 10 μg/ml aprotinin) with rocking at 4°C for 20 min, or homogenized in ubiquitin ligation reaction (ULR) buffer (25 mM Tris-HCl, pH 8.0, 100 mM NaCl, 2.0 mM MgCl 2 , and 1 mM dithiothreitol) using a 1 ml Kontes tissue grinder.
The cell lysates or homogenates were collected into an eppendorf tube and cleared by centrifugation at 14,000 rpm (20,000xg) for 4 min in a microfuge.
The cleared lysates were transferred to a clean eppendorf tube and incubated with primary antibody on ice for 30 min, then protein A or protein G beads were added and the mixture was incubated at 4 °C for 2 h with rotation. The beads were washed either with lysis buffer two times followed by ULR buffer three times (for immunoprecipitation from cell lysates) or just with ULR buffer three times (for immunoprecipitation from homogenates). The immunoprecipitated Nedd4 was used for the E3 ubiquitin ligase activity Assay. The immunoblot was performed as instructed by ECL immunoblot kits (Amersham).
Preparation of homogenate fractions. For preparation of homogenate fractions, we cultured HEK293 cells to 90-100% confluence in 10 cm dishes, harvested cells by scraping the cells in 1 ml of precooled ULR buffer for each dish, and homogenized the cells with a 2 ml homogenizer on ice. The cell debris, nuclei and mitochondria were removed by centrifugation of the homogenates at 1000 rpm (50xg) for 15 min at 4 °C. The supernatant (50xg S) was then spun at 3,000×g for 15 min at 4 °C. The yielded supernatant and pellet were designated as 3Kxg S and 3Kxg P, respectively. The 3Kxg S was further spun at 400,000 × g for 30 min at 4 °C, and the supernatant (400Kxg S) and pellet (400Kxg P). All the pellets were resuspended in equal volume of ULR buffer to the supernatant. In activation of Nedd4 E3 ubiquitin ligase assays, 5 μl of each fraction was added into the reaction mixture.
The in vitro E3 ubiquitin ligase activity assay. The E3 ubiquitin ligase activity assay was based on the method described in [44] with minor modifications. The E3 ubiquitin ligase activity assay was performed by adding 15 µl reaction mixture containing a final concentration of 100 nM E1, 0.5 μM UbcH7 (E2), 5 μM ubiquitin or K0-ubiquitin, and 2 μM ATP in ULR buffer (25 mM Tris-HCl, pH 8.0, 100 mM NaCl, 2.0 mM MgCl 2 , and 1 mM dithiothreitol) to immunoprecipitated Nedd4 (10 μl). For activation assay of the E3 ubiquitin ligase activity, CaCl 2 solution or the HEK293 cell homogenate fraction (5 μl/each sample) was added to the immunoprecipitated Nedd4 before addition of the reaction mixture. CaCl 2 solution was buffered with EGTA and concentration of calcium was calculated according to WEBMAXCLITE. The reaction was initiated by adding the reaction mixture, carried out at 22 °C for 20 min, and stopped by addition of 25 μl 2XSDS-PAGE sample buffer. The reaction mixtures were resolved by SDS-PAGE, transferred to PVDF membrane and subjected to immunoblot. The poly-ubiquitin products were visualized by ECL immunoblotting with an anti-ubiquitin antibody. The X-films yielded from ECL immunoblotting were scanned, and the arbitrary density counts of both poly-ubiquitin and Nedd4 bands were quantified by Kodak EDAS290 image system. The E3 ubiquitin ligase specific activity is defined as the ratio of density of poly-ubiquitin products to Nedd4.
ENaC-β in vivo ubiquitination assay. For ionomycin treatment: pcDNA3-HA-Nedd4-2a, pcDNA3-HA-Nedd4-2a-ΔC2 or vector was transfected into HEK293T-ENaβ-GFP cell line for 36 hrs followed by 12 hrs serum-starvation. The medium was replaced with normal cell culture medium plus 1.25 mM CaCl 2 and 10 μM MG-132 with or without 1 μM ionomycin for 6 hrs. Ubiquitinated ENaC-β-GFP was precipitated with GST-ACK-Uba pulldown and detected by immunoblotting with anti-GFP antibody. For carbachol or EGF treatment: ENaβ-GFP stably transfected cells were serum-starved for 12 hrs followed by treatment with MG-132 (10 μM) for 6 hrs.
The cells then stimulated with carbachol (5 μM) or EGF (50 ng/ml) at indicated time. Ubiquitinated ENaC-β was precipitated by GST-ACK1-Uba pulldown and detected by immunoblotting with anti-GFP antibody.
Expression and purification of His-T7-tagged Nedd4 proteins. His-T7-tagged E3 ligase Nedd4-2a, Nedd4-2a-ΔC2, Nedd4-2a C922A, and Nedd4-2a-HECT were expressed in E. coli BL21 cell by IPTG induction. The cells were lysed by sonication in His lysis buffer (25 mM TrisHCl (pH 8.0), 50 mM NaCl, 0.5% Triton X-100, 10% glycerol, 10 mM imidazole). The soluble fraction of the lysate was incubated with Ni-NTA agarose beads at 4 °C for 2 h. The Ni beads were washed three times with lysis buffer containing 60 mM imidazole. The bound fractions were eluted with the same buffer containing 250 mM imidazole.
Expression and purification of GST-Nedd4-2b C2 domain and the GSTNedd4-2b C2 domain pull-down assay. Expression and purification of GST-Nedd4-2b C2 domain were performed as described previously [45] . The GST-Nedd4-2b C2 domain was bound to glutathione-conjugated agarose beads, resuspended in the bacteria lysis buffer (40 mM Tris/HCl, pH 8.0, 100 mM NaCl, 0.5% Triton X-100, 1 mM EDTA, 1 mM EGTA, 10 μg/ml aprotinin and leupeptin), and ready for pulldown assays.
For GST-Nedd4-2b C2 domain pulldown assay, the GST-Nedd4-2b C2 domainbound beads were washed 2 times with the mammalian cell lysis buffer, and incubated with the purified His-T7-Nedd4-2a-HECT protein, or HA-Nedd4-2bΔN and HANedd4-2b-WW-expressed mammalian cell lysates with either 1 mM EGTA or indicated concentrations of EGTA-buffered free calcium (calculated by WEBMAXCLITE) at 4°C for 2 hours with rotation. The beads were washed 3 times with the mammalian cell lysis buffer plus either 1mM EGTA or indicated concentrations of EGTA-buffered free calcium (calculated by WEBMAXCLITE), and resuspended in 2XSDS-PAGE sample buffer for SDS-PAGE. The proteins precipitated by the GST-fusion protein were immunoblotted with either anti-T7 or anti-HA antibody.
RESULTS

1.
The C2 domain of Nedd4 is an auto-inhibitory domain for the E3 ubiquitin ligase activity. To search for the activation mechanism of the E3 ubiquitin ligase Nedd4, a series of truncation mutants of human Nedd4-2b (also Nedd4L) were constructed. These included the C2 domain truncation mutant ΔC2 and the N-terminus truncation mutant ΔN (Fig. 1A) .
The mutants were HA-tagged, expressed in HEK293 cells by transient transfection, and immunoprecipitated for determination of E3 ubiquitin ligase activity. The activity was measured by an in vitro ubiquitin ligase activity assay (see Materials and Methods), in which the amount of polyubiquitin formed from mono-ubiquitin (substrate) is used to evaluate the ligase activity (top panels, Fig. 1B) .
To control autoubiquitination of Nedd4 in the assay, the ubiquitination reaction was taken for 20 min at 22 °C. Within this reaction time, we observed little auto-ubiquitination of Nedd4 (data not shown). As shown in lanes 1-4 of Fig. 1B , truncation of the C2 domain enhanced the ligase activity of Nedd4-2b by 30 fold, suggesting that the C2 domain inhibits the E3 ubiquitin ligase activity. Nedd4-2b is an alternative splicing form of Nedd4-2, in which the WW2 domain is missing (Fig. 1A) . To confirm that the C2 domain in full length Nedd4-2 or Nedd4-1 has the same effect, the C2 domain truncation mutants of human Nedd4-2a (full length) and rat Nedd4-1 were constructed (Fig. 1A) . Similar to Nedd4-2b, truncation of the C2 domain of Nedd4-1 or Nedd4-2a markedly activated the E3 ubiquitin ligase (lanes 5-8, Fig. 1B) .
To exclude the possibility that increased activity in the C2 domain truncation mutants resulted from other cellular proteins coimmunoprecipitated with Nedd4 from HEK293 cell lysates, we used purified histagged Nedd4-2a expressed in bacteria to perform the in vitro E3 ubiquitin ligase activity assay. As shown in lanes 9-10 in Fig.1B , the E3 ubiquitin ligase activity of the C2 domain truncation mutant was significantly higher than wild type Nedd4-2a, indicating that the activation is directly attributable to deletion of the C2 domain. These data demonstrate that the C2 domain is auto-inhibitory for Nedd4 E3 ubiquitin ligases, consistent with auto-inhibitory function of the C2 domain in Smurf2 [43] .
2. Calcium dissociates binding of the C2 domain to the HECT domain. It has been demonstrated that the C2 domain directly interacts with the HECT domain in Smurf2 [43] . Given that the C2 domain is a known calcium-binding domain [36, 37] , we hypothesized that calcium regulates binding of the C2 domain to the HECT domain in Nedd4 and activates E3 ligase activity of Nedd4.
To test this hypothesis, we constructed GST-Nedd4-2-C2 domain fusion protein and performed GST-fusion protein pulldown assays with purified T7-tagged Nedd4-2 HECT domain or HEK293 cell-expressed Nedd4-2bΔN in the presence or absence of calcium. As shown in Fig.  2A , the GST-C2 domain precipitated the HECT domain in the absence of calcium (lane 1, top panel), but little in the presence of calcium, even at 1 μM of calcium (lanes 2-6, top panel), indicating that calcium disrupts association of the C2 domain with the HECT domain. This was confirmed by GST-Nedd4-2b C2 domain pull-down assays with HEK293 cell lysates expressing Nedd4-2bΔN, in which the C2 domain is deleted. In the absence of calcium (i.e. EGTA), the GST-C2 domain precipitated HA-tagged Nedd4-2bΔN from the cell lysates (lane 3, upper panel, Fig. 2B ). Addition of calcium eliminated binding of the C2 domain to HA-Nedd4-2bΔN (lane 4, upper panel).
As a control, we also performed the GST-C2 domain pull-down assay with HA-tagged Nedd4-2bWW that was generated by deleting the HECT domain in Nedd4-2bΔN.
No binding of the C2 domain to Nedd4-2bWW was observed (lanes 1-5 bottom panel, Fig. 2B ), demonstrating that GST-C2 domain coprecipitation of Nedd4-2bΔN required the HECT domain. These data indicate that calcium dissociates binding of the C2 domain to the HECT domain. Given that the binding of the C2 domain to the HECT domain inhibits the E3 ubiquitin ligase, calcium may activate the E3 ubiquitin ligase activity of Nedd4 by releasing the C2 domain-mediated inhibition of the E3 ubiquitin ligase activity.
3. Calcium activates Nedd4 E3 ubiquitin ligase activity. To test if calcium activates Nedd4 E3 ubiquitin ligase activity, we transfected and expressed human Nedd4-2a, 2b, 2bΔC2, or rat Nedd4-1 in HEK293 cells, immunoprecipitated the proteins and determined the E3 ligase activity in the presence or absence of calcium by the in vitro ubiquitination assays. As expected, the E3 ubiquitin ligase activity of wild type Nedd4-2a, 2b and rat Nedd4-1 was markedly activated by 5 mM calcium (lanes 4, 6, and 8, Fig. 3A) . Deletion of the C2 domain caused constitutive activation of Nedd4-2b ligase activity and abolished the response to calcium (lanes 1 and 2, Fig. 3A) , indicating that the C2 domain is required for calcium-mediated activation of Nedd4 ligase activity. Together, these data suggest a mechanism in which calcium disrupts binding of the C2 domain to the HECT domain, which releases the auto-inhibition of the C2 domain and activates E3 ubiquitin ligase activity.
We [46] [47] [48] [49] , which is within the concentration range we observed for activation of Nedd4. Intracellular calcium could reach even higher concentrations in microdomains [50, 51] . We noticed that calcium activated the purified Nedd4-2 expressed in bacteria better than the immunoprecipitated Nedd4-2 expressed in HEK293 cells (Figs. 3B and  3C ). This might be due to coimmunoprecipitation of some endogenous Nedd4-2 activators in HEK293 cells that could elevate the basal activity of Nedd4-2, thus reduce the in vitro activation by calcium. Nevertheless, the data in Fig. 3 demonstrate that Nedd4 could be activated by physiological concentrations of calcium.
To demonstrate that calcium activates Nedd4 in cells, we stably expressed GFP-tagged ENaC β subunit ( GFP-ENaC-β), a known Nedd4 substrate [52] , in HEK293 cells. We then transiently transfected HA-tagged Nedd4-2a or Nedd4-2aΔC2 into the GFP-ENaC-β cell line. We used the calcium-ionphore ionomycin to introduce extracellular calcium into the cells and the proteasome inhibitor MG-132 for accumulating ubiquitinated ENaC-β. The ubiquitination of GFP-ENaC-β was assayed by GST-ACK1Uba pulldown, in which the Uba domain of ACK1, a known ubiquitinbinding domain [53] , was fused with GST and used for precipitation of ubiquitinated GFP-ENaC-β from cell lysates. Precipitated ubiquitinated ENaC-β was detected by immunoblotting with anti-GFP. As shown in Fig. 4, without Fig. 4A; Fig.  4B ) Fig. 4A; Fig. 4B ). However, treatment with ionomycin did not increase ubiquitination of ENaC-β in cells overexpressing Nedd4-2aΔC2, indicating that ubiquitination of ENaC-β by Nedd4-2aΔC2 was not sensitive to calcium. These data are consistent with the in vitro E3 ubiquitin ligase activity assay in Fig. 3A  (lanes 1 and 2) and provide support for the calcium-dependent activation of Nedd4 E3 ubiquitin ligase in vivo.
4.
Receptor signals activate Nedd4 E3 ubiquitin ligase activity. To define cellular signaling for activation of Nedd4, we determined effects of carbachol, a ligand for acetylcholine receptor (AChR), and epidermal growth factor (EGF), a ligand for epidermal growth factor receptor (EGFR), on activation of endogenous Nedd4 in HEK293 and MDA-MB-231 cells. Both of AChR and EGFR are known to activate phospholipase C and elevate intracellular calcium levels [54] [55] [56] . . Both carbachol and EGF activated Nedd4, measured by in vitro E3 ubiquitin ligase activity assay with immunoprecipitated endogenous Nedd4, by 15-20 fold upon treatment for 60 -120 min ( Fig.  5A and B). Because immunoprecipitated Nedd4 could be contaminated with other E3 ubiquitin ligases, we further determined ubiquitination of ENaC-β, the Nedd4 substrate, in response to carbachol or EGF stimulation in HEK293 cells stably expressing GFP-ENaC-β. As shown in Fig. 5C , stimulation of the cells with carbachol or EGF significantly enhanced ubiquitination of ENaC-β. These data confirmed that carbachol or EGF stimulated Nedd4 activity, presumably through elevation of intracellular calcium level.
5. A heat-sensitive membrane component enhances calcium-dependent activation of Nedd4. We noticed that activation of Nedd4 E3 ligase activity by calcium (about 4 fold) was significantly less than the activation by truncation of the C2 domain (about 30 fold) or the activation by carbachol or EGF signaling (10-20 fold). This suggests that additional component in cells is needed for calcium to fully activate Nedd4. The C2 domain has been proposed as a membrane-targeting domain for Nedd4 and that the C2 domain-mediated membrane translocation is required for cellular function of Nedd4 [39, 40] . To investigate how Nedd4 is activated in cells, we searched for endogenous activators of Nedd4 in cells. We fractionated HEK293 cell homogenates by centrifugation and prepared supernatant and particulate fractions as outlined in Fig. 6A. An aliquot of each fraction was added to E3 ubiquitin ligase assays with Nedd4-2b immunoprecipitated from transfected HEK293 cell lysates. As shown in Fig. 6B -C, in the absence of cell fractions, calcium activated Nedd4-2b about 8 fold (lanes 1  and 6, Fig. 6B ). With addition of the 50xg S fraction, activation of Nedd4-2b by calcium was enhanced to 30 fold (lanes 4 and 5, Fig.  6B ).
This activation was not due to endogenous E3 ubiquitin ligase activity in the 50xg S fraction, since no E3 ubiquitin ligase activity was detected in this fraction (lanes 2 and 3, Fig. 6B ). The Nedd4 activation component was mainly in the 400,000xg particulate fraction (lanes 9-12, Fig. 6B ). With addition of this fraction, calcium activated Nedd4-2b by 70 fold (Fig.  6C) .
To further characterize the active component in the 400,000xg P fraction, we used purified human Nedd4-2a expressed in bacteria. As shown in Fig. 6D , calcium produced higher Nedd4-2a activity in the presence of the 400,000xg P fraction (compare lane 4 with lane 2). The enhanced calcium-dependent activation of Nedd4 was eliminated by heating the 400,000xg P fraction for 10 min at 100 °C (lane 6), indicating a heat-sensitive component. To control for endogenous E3 ubiquitin ligase activity in the 400,000xg P fraction, this fraction was assayed for the E3 ubiquitin ligase activity with purified ligase-dead Nedd4-2a mutant, Nedd4-2a-CA. No polyubiquitin products were detected (lanes 7-8), indicating that the 400,000xg P fraction has no detectable E3 ubiquitin ligase activity. Enhancement of calcium-dependent activation of Nedd4 by the 400,000xg P fraction is mediated by release of the C2 domain auto-inhibition, because 400,000xg P fraction had little effect on activity of the C2 domain truncation mutant Nedd4-2aΔC2 (lanes 9 and 10, Fig. 6D ). Thus, we conclude that the Nedd4 activator in the 400,000xg P fraction is a heat-sensitive component that enhances calcium-dependent release of the C2-domain-mediated autoinhibition of Nedd4 E3 ubiquitin ligase activity.
There was also a calciumindependent activation of Nedd4 caused by addition of either the supernatant or the particulate fraction (lanes 4, 7, 9, and 11 in Fig. 6B, lanes 3 in Fig. 6D ). This activation might not be through release of the C2 domain-mediated auto-inhibition because the activity of Nedd4-2aΔC2 was much higher than that of Nedd4-2a with addition of 400,000xg P in the absence of calcium (compare lane 9 with lane 3 in Fig. 6D ). It has been observed that the WW domainbinding protein NDFIP activated ITCH E3 ligase activity [57] . Such a protein in the supernatant or the particulate fraction could mediate calcium-independent activation of Nedd4 through interaction with the WW domains of Nedd4.
DISCUSSION
We have shown by mutational analysis and GST-Nedd4-C2 domain pulldown assays that the C2 domain of Nedd4 functions as an auto-inhibitory domain through binding to the HECT domain. Weisner et al. also reported that the C2 domain of Smurf2 directly binds to the HECT domain and functions as an autoinhibition module to the E3 ligase activity [43] . They proposed that Nedd4 has a similar structure to Smurf2 and showed that truncation of the C2 domain activates Nedd4 E3 ubiquitin ligase activity in an in vitro ubiquitin ligase activity assay [43] . Thus, the auto-inhibition of the E3 ligase activity by the C2 domain is a key feature of Nedd4. Currently we do not know whether the autoinhibition is formed through the intra-or the inter-molecular interaction between the C2 and the HECT domains. We speculate that the both interactions could form the autoinhibition. We hypothesized that activation of Nedd4 E3 ligase activity is directly related to releasing the auto-inhibition. Our data show that this auto-inhibitory mechanism is regulated by calcium. Calcium activates Nedd4 by binding to the C2 domain and releasing the C2 domainmediated auto-inhibition. The membranerich fraction (400Kxg fraction) enhances calcium to bind to the C2 domain; together calcium and the membrane-rich fraction generate a robust activation of Nedd4. We also show signal-dependent activation of endogenous Nedd4 in cells. Finally, we also show that calcium-mediated activation of Nedd4 is enhanced by a heat-sensitive membrane fraction. Based on these results, we propose a model for activation of Nedd4 E3 ubiquitin ligase activity shown in Figure  7 . In this model, Nedd4 is kept inactive by either the intra-or the inter-molecular interaction (the intra-molecular interaction depicted in Fig. 7) between the C2 and the HECT domains in calcium-free or low calcium environment. Cellular signaling elevates intracellular calcium concentration and results in binding of calcium to the C2 domain of Nedd4. The calcium binding enhances the affinity of the C2 domain to the membranes and promotes Nedd4 translocate to the membrane fraction, which releases the auto-inhibition and activates Nedd4 E3 ubiquitin ligase activity.
We speculate that binding of calcium to the C2 domain (intermediate status) partially disrupts interaction of the C2 domain with the HECT domain and makes the C2 domain accessible to membranes. This is based on our finding that calcium alone only partially activates Nedd4 E3 ubiquitin ligase activity (Figs 3 and 5) . Binding to the membranes stabilizes the active conformation of Nedd4.
The C2 domain of Nedd4 has been demonstrated to bind to inositol phospholipids and proposed as an inositol phospholipid-binding module [39, 40] . The C2 domain also binds to PC or/and PS in a calcium-promoting manner [39] . Previous studies have shown that translocation of Nedd4 to plasma membrane occurred in response to elevation of intracellular calcium in cells [39, 41] . We speculate that calcium-dependent membrane translocation of Nedd4 is a pivotal step for activation in response to intracellular signaling. We observed a dramatic enhancement in calcium-mediated activation of Nedd4 by a 400,000xg particulate fraction. This enhancement was eliminated by heating the particulate fraction for 10 min at 100 C, suggesting that the component in the particulate fraction that collaborates with calcium to activate Nedd4 might be a protein.
This component could be an endogenous activator of Nedd4 that activates Nedd4 by augmenting or/and stabilizing the activation effect of calcium by releasing the C2 domain-mediated autoinhibition. Identification of this component would help us further to understand the mechanism of Nedd4 ligase activation and delineate signaling pathways of Nedd4 ligases.
Although Smurf2, similar to Nedd4, also has the C2 domain-mediated autoinhibitory mode for regulation of the E3 ubiquitin ligase activity, ITCH (AIP4) and WWP1, the two other members of the HECT E3 ubiquitin ligase family that are close to Nedd4, seem not to have such a regulatory mechanism. We observed no activation effect with the C2 domain truncation of ITCH and WWP1 (data not shown). It has been shown that JNKmediated phosphorylation plays an important role in activation of ITCH [44] . The phosphorylation site was located between the C2 domain and the WW1 domain. It was proposed that the region executes auto-inhibition by interaction with the HECT domain, while phosphorylation releases the auto-inhibition [44] . Protein phosphorylation may also be involved in activation of Nedd4. It was observed that AMP activated kinase (AMPK) phosphorylated Nedd4-2 and the phosphorylation enhanced binding of Nedd4-2 to its substrate ENaC, thus downregulation of ENaC activity [34] .
Although the catalytic mechanism of Nedd4 E3 ubiquitin ligases has been extensively studied [1] [2] [3] , activation of the E3 ubiquitin ligase activity of Nedd4 in response to cellular signaling is poorly understood. Here we show that the C2 domain of Nedd4 E3 ubiquitin ligases functions as an auto-inhibitory domain to the ligase activity, and that the auto-inhibition is released by calcium.
This molecular mechanism may serve as a switch for activation/inactivation of Nedd4 in cells and couple cellular signals, such as EGFR and acetylcholine receptor, to protein ubiquitination, degradation and trafficking. It has been shown that Nedd4-1 ubiquitinates tumor suppressor proteins and may be oncogenic [15] [16] [17] [18] . Nedd4-2 ubiquitinates various ion channels and membrane transporters and determines their degradation [19] [20] [21] [22] [23] . Thus, Nedd4 plays important roles in cell growth, survival, differentiation, and homeostasis. The C2/calcium switch model for the ligase activity will provide novel insight into how Nedd4 regulates biological and pathological processes in response to cellular signaling.
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We thank Dr. Daniela Rotin at University of Toronto for sending us rat Nedd4-1 cDNA plasmid. This work was supported by a grant from American Cancer Society (ACS-RSG TBE-110602 to W. Y). Figure 1 . Truncation of the C2 domain activates the E3 ubiquitin ligase activity of Nedd4. A, Schematic representation of the C2 domain deletion mutants of Nedd4-1 and Nedd4-2. The roman numbers I, II, III and IV refer the WW domains 1 (WW1), 2 (WW2), 3 (WW3) and 4 (WW4). Human Nedd4-2a and Nedd4-2b (hNedd4-2a and hNedd4-2b) are Nedd4-2 splicing forms. The Nedd4-2b lacks the WW2 domain in Nedd4-2a. Rat Nedd4-1 (rNedd4-1) has only 3 WW domains. The positions for the deletions and the boundaries of the domains are labeled with the amino acid residue position numbers in the peptides. B, Truncation of the C2 domain activates Nedd4. Lanes 1-8, HA-tagged wild type or the C2 domain deletion mutant of Nedd4-1 and Nedd4-2 was transfected into HEK293 cells. Nedd4 protein was immunoprecipitated with anti-HA antibody and used for the E3 ubiquitin ligase activity assay. Lanes 9 and 10, his-tagged Nedd4-2a or its C2 domain deletion mutant was expressed in E. coli and purified with affinity beads. Purified his-tagged Nedd4 and the mutant (100 ng) were used for the ubiquitin ligase activity assay. In the assay, mono-ubiquitin was used as the substrate. The ubiquitin ligation products (poly-ubiquitins) were detected by immunoblotting with antiubiquitin antibody. Top panels, poly-ubiquitin products; bottom panels, HA-or his-tagged wild type and deletion mutants of Nedd4s. Human breast cancer cell MDA-MB-231 cells were serum-starved overnight followed by stimulation with EGF (100 ng/ml) at indicated time. In both (A) and (B), endogenous Nedd4 was immunoprecipitated with an anti-Nedd4 antibody from 20,000xg cleared cell homogenates. The E3 ubiquitin ligase activity was assayed. The poly-ubiquitin products were determined by immunoblotting and quantified by Kodak EDAS290 image system from two independent experiments. C, Stimulation of acetylcholine receptor by carbachol or EGFR by EGF enhances ubiquitination of Nedd4 substrate ENaC-beta subunit. GFP-ENaC-β-expressed HEK293 cells was in serum-starvation for 12 hrs, then stimulated with 5 μM carbachol or 100 ng/ml EGF at indicated time in presence of 10 μM MG-132. The ubiquitinated GFP-ENaC-β was precipitated by GST-ACK1-Uba and detected by immunoblotting with anti-GFP (top panel). The expression level of GFP-ENaC-β was determined by immunoblotting of the cell lysates with anti-GFP (bottom panel). Ubiquitinated GFP-ENaC-β was quantified with normalized GFP-ENaC-β by GE-Gel Logic100 imaging system from two independent experiments. The preparation of the homogenate fractions of HEK293 cells and the assay of E3 ligase activity were performed as described in "Materials and Methods". To examine the effect of the homogenate fractions on the E3 ubiquitin ligase activity of HA-Nedd4-2b, 5 μl of the homogenate fraction was added to the reaction mix during the ubiquitin ligase activity assay. The top panels are polyubiquitin products generated from the E3 ubiquitin ligase assay; the bottom panels are showing amount of immunprecipitated HA-tagged Nedd4-2b used in the assay. S50, the 50xg supernatant; S3K, the 3,000xg supernatant; P3K, the 3,000xg pellet; S96K, the 96,000xg supernatant; P96K, the 96,000xg pellet; S400K, 400,000xg supernatant; P400K, 400,000xg pellet. C, The poly-ubiquitin product in (B) was quantified by GE-Gel Logic100 Imaging system and used for calculation of Nedd4-2b activation. D, Purified Nedd4-2a is activated by the component in the 400,000xg pellet. His-tagged Nedd4-2a was expressed in E. coli and purified with affinity beads. Purified his-tagged Nedd4-2a (100 ng), active mutant Nedd4-2aΔC2 (100 ng), or ligase-dead mutant Nedd4-2a-CA (100 ng) was used for the ubiquitin ligase activity assay in presence or absence of CaCl 2 with addition of 5 μl of indicated homogenate fraction. The poly-ubiquitin product was detected by immunoblotting with anti-ubiquitin antibody. 
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